. Abstract. 2014 This paper is the last of a series giving a detailed description of our recent determination of the Rydberg constant. Here we carefully describe the wavelength comparison procedure. The wavelengths of the three two-photon transitions 2S-8D, 2S-10D, and 2S-12D in hydrogen and deuterium are compared to that of an I2-stabilized He-Ne laser which is the present best reference in the optical domain. The key of this comparison is a high stability Fabry-Perot cavity etalon Figure 1 shows the expérimental set-up for the wavelength comparison. As explained in paper 1 [2] , the dye laser frequency is known with respect to a reference Pabry-Perot cavity (FPR) which is locked to an I2-stabilized He-Ne laser. The dye laser frequency is precisely scanned by means of an acousto-optic modulator in conjunction with a computer-controlled frequency synthesizer. With this apparatus we have precisely measured the frequency différence f2p between the two-photon transition frequency and the Airy peaks of the reference cavity [3] . Figure 2 shows the relative position of the atomic signal with respect to the Airy peaks of the reference cavity FPR and of the Fabry-Perot etalon FPE. For the wavelength comparison we have to measure the frequency difference AR between the iodine f component and the closest peak of the FPE. For that purpose an auxiliary He-Ne laser is mode-matched and locked to the FPE cavity. The beat frequency between the auxiliary and the standard He-Ne laser is measured by a frequency counter. We have also to measure the frequency difference AIR between the two-photon signal and the closest peak NIR of the FPE cavity. We have AIR = f2p + fFP, where ffp is the frequency difference between a given Airy peak of the reference cavity FPR and one of the etalon cavity FPE (Fig. 2) . In order to measure the frequency , fFp, the dye laser is scanned to the résonance with the etalon cavity FPE, and mode-matched to this cavity. Its frequency is locked to the etalon cavity through the computer. The dye laser frequency is modulated (about 1 MHz peak-to-peak at 1.2 kHz) and the modulation of the transmitted beam is detected by a lock-in amplifier. After where L is the cavity length, N is an integer numbers is the reflective phase shift for the light of frequency v and 03A6 the Fresnel phase shift. The Fresnel phase shift depends only on the cavity geometry. Its measurement will be described in the following. The reflective phase shift 1/; due to the mirror coating is wavelength dependent and is eliminated by the method of virtual mirrors by using alternately two rods of différent lengths (10 cm and 50 cm) for the etalon cavity. This method is explained in detail in reference [7] . The basic idea is that the reflective phase shift is independent of the cavity length. We can write the resonant condition (1) for the long and the short cavity (labelled 1 and s respectively) and for the red and infrared radiations (R and IR labels) which are compared. For example, we have for the long etalon and for the infrared frequency:
where bIR is the fractional order relative to the higher frequency Airy peak. It is the ratio between the frequency splitting AI (see Fig. 2 ) and the Cree spectral range c . From figure 3 , which shows the dependence of this frequency différence upon the orientation of the two transmitted light spots of the TEMol mode. The Fresnel phase-shift that we need is then given by the mean value of the curve of figure 3 [9] . We 2.5 RESULTS. 2013 We used équation (3) to détermine the infrared radiation frequency. In the two preceding paragraphs we have described the measurements of the Fresnel phase shift 03A6 and of the fractional order 6. The integer numbers N are determined by the method of excess fractions [10] . In order to apply this method we use as known wavelengths the f component of the 12 -stabilized He-Ne laser and the six two-photon transition wavelengths which are measured. Indeed, taking into account our earlier determination of the Rydberg constant [11] , these wavelengths are known with a relative uncertainty better than 10-9. Since the uncertainty in a fractional order measurement is about As we have two sets of data for the 10 cm etalon, we can apply equation (3) twice (firstly : first 10 cm data and 50 cm data; secondly : 50 cm data and last 10 cm data). The results for the six studied transitions are given in table V The second column gives the difference between the second and the first determinations. This difference is due to the ageing of the mirrors. The third column gives the mean of the two results. This is the value that we have adopted. The quoted uncertainty does not include the reference laser uncertainty. It is the quadratic sum of : i) the uncertainty of the comparison between the He-Ne lasers (about [10] [11] , ii) the uncertainty of the atomic frequencies (statistical uncertainty and uncertainty of the theoretical lineshape as explained in [3] ), iii) the uncertainty of the Fresnel phase shift measurements (about 1.2 x 10-11 ), iv) the statistical uncertainty of the fractional order measurements and v) the uncertainty due to the ageing of the mirrors (half the value of the first column of Tab. V). A more detailed analysis of the uncertainties will be given in section 3.
3. Rydberg constant detennination. [12] and deuterium [13] [15] ) and the theoretical value (1057.229 MHz) of the deuterium one, calculated using reference [16] , to deduce the 2Pi/2 -nDS/2 frequencies. We have then compared these frequencies to those reported by Erickson [17] after correction for the 1986 recommended values of the fine structure constant, the proton/electron, and the deuteron/proton mass ratios [18] The precision is 1.7 x 10-1° and 4.3 x 10-11 with respect to our reference laser. This result is slightly smaller (about 4.4 x 10-11)than our preliminary result published in 1988 [19] . This is due to three reasons:
i) The second-order Doppler effect correction has been calculated with the measured velocity distribution and not with an a priori one (correction of about -0.6 x 10-11)
ii) The Rydberg constant calculation was made with an old value of the fine structure constant a-1 = 137.03604 (correction of about -1.3 x [10] [11] iü) The determination of the two-photon transition position was deduced from a linear extrapolation to null light power of the half-maximum center of the line and not from the light-shift corrected line position as explained in reference 3 (correction of about -2.5 x 10-11). Thèse values are all corrected using the new definition of c and the experimental ratio me /mp.
In table VIII our result is compared to our previous one [11] and to those obtained by different groups since 1978 from excitation either of the Balmer-a and -,Q transitions [20] [21] [22] [23] [24] or of the 1S-2S transition [25] [26] [27] [28] [15] . Nevertheless, taking into account another less precise measurement [29] (1057.845 (9) MHz), we have adopted a 10 kHz uncertainty for the hydrogen 2S Lamb shift measurement. As the Q.E.D. uncertainty of the 2Pi/2 level energy calculation is about 3 kHz [17] , the total uncertainty due to the Lamb shift and the energy level calculations is about 1.5 x 10-11, which is the value indicated in table IX. For deuterium the Lamb shift calculation uncertainty is = 14 kHz (quadratic sum of the 9 kHz Q.E.D. uncertainty and of the 11 kHz nuclear size uncertainty) and the total Lamb shift and energy calculations uncertainty is = 1.8 x 10-11.
In table IX the other items depend upon our experiment. The statistical uncertainty is the standard deviation of our six independent results. The Stark effect, second-order Doppler effect and theoretical lineshape uncertainties have been discussed in paper II [3] . In comparison with our previous measurement [11] the improvement in the Stark effect uncertainty is checked by the study of the 2S-20D two-photon transition which gives an upper limit (2 mV/cm) to the stray electric fields. The uncertainties due to the ageing of the mirrors, to the Fresnel phase shift measurement and to the comparison between the He-Ne lasers have been discussed in this paper.
Finally the more important uncertainty is due to the standard laser (1.6 x 10-1°) . With respect to the standard laser, our précision is 4.3 x 10-11. [30] . The uncertainty of our measurement is the rms sum of the following contributions : statistical ( 1.1 x 10-7) proton/deuteron mass ratio (3 x 10-9 [18] ), nuclear size 2305 (6.3 x 10-8) and second-order Doppler effect (2 x 10-8). Figure 5 shows the comparison of our result with other recent measurements [30] [31] [32] [33] .
'Tàble X. -Isotopic shifts. 
